The role of antibody in neonatal herpes simplex virus (HSV) infection remains controversial. A battery of well-characterized monoclonal antibodies to HSV glycoprotein B (gB), and polyclonal antibodies against synthetic peptides of predicted epitopes of HSV glycoprotein D (gD) were used to determine in vitro functional activity and association with protection against lethal infection in a murine model of neonatal HSV disease. Antiviral neutralization activity of HSV was not associated with antibody-dependent cellular cytotoxicity (ADCC) activity to HSV-infected cells in vitro. In a model of high dose challenge (10(4) PFU), protection was not afforded by any antibody alone, but was by antibody plus human mononuclear cells, and highly associated with ADCC functional activity (P less than 0.001). In a low dose challenge model, neutralizing activity of antibody alone was associated with protection in vivo (P less than 0.001). Of the nine neutralizing epitopes of gD in vitro, eight were predicted surface regions. Four of the five epitopic sites of gD (2-21, 267-276, 288-297, and 303-312) that were determined to be important targets of ADCC and in vivo protection were also predicted to be surface regions. The only exception was the antiserum to region 52-61 which was predicted to be buried and also showed these activities. ADCC as well as neutralizing antibody activity are important in protection against neonatal HSV infection.
Introduction
Neonatal herpes simplex virus (HSV)' infection remains a devastating illness with increasing incidence (1, 2) . The immunologic defects which predispose the neonate to severe HSV infection continue to be defined (for review see references 3, 4) . One of the most controversial areas remains the role of antibody in protection against neonatal HSV infection, and in 1. Abbreviations used in this paper: ADCC, antibody-dependent cellular cytotoxicity; gB, glycoprotein B; gC, glycoprotein C; gD, glycoprotein D; HSV, herpes simplex virus; MC, mononuclear cells. 
Methods
Monoclonal antibodies and antibodies to synthetic peptides. The monoclonal antibodies to HSV gB were produced against HSV-I (F), HSV-2(g), or immunoaffinity purified HSV-lgB and characterized as previously reported in detail (12, 13) . All the MAbs used were to continuous epitopes on HSV-I gB except H126-5 and HI 57-1 (13) .
Antibodies to synthetic peptides of HSV-1 gD were generated in rabbits to 10 different peptides of 10-residue segments (9 peptides) and a 20-residue segment (1 peptide) conjugated with carrier protein keyhole limpet hemocyanin as described in detail (14) . The peptides were chosen for high probability of exposure on the gD molecule surface as predicted by algorithm Surfaceplot (14) .
Virus. The virus used in ADCC, neutralization, and animal challenge experiments was HSV-1, strain HE previously isolated in the laboratory of Dr. Andre J. Nahmias (Emory University, Atlanta, GA) from a neonate with disseminated infection.
Neutralization assay. Neutralization assays were performed as previously reported (10) with HE strain (unless specified) by incubation of the dilution ofantiserum or MAb to be tested with -50 PFU of virus in minimal essential media (Hazleton Research Products, Denver, PA) supplemented with penicillin (50 U/ml; Gibco Laboratories, Grand Island, NY), streptomycin (50 gg/ml; Gibco Laboratories), L-glutamine (1.5%; Gibco), and heat-inactivated FCS (10%; Hazleton Research Products; supplemented minimal essential media, MEM) for 1 h at room temperature. The resultant mixture was adsorbed on Chang liver cell monolayers for 1 h, and overlayed with MEM plus 1.5% methylcellulose. Plaques were enumerated 3 d later after formalin fixing, with crystal violet staining. The neutralization titer was that resulting in 50% or greater reduction of PFU.
Human leukocytepreparation. All experiments using human blood were reviewed and approved by the appropriate institutional Committee for the Protection of Human Subjects. Heparinized (10 U/ml, sodium heparin; Elkins-Sinn, Inc., Cherry Hill, NJ) blood was processed by sequential dextran (Sigma Chemical Co., St. Louis, MO) sedimentation and Ficoll-Hypaque (Pharmacia Fine Chemicals, Piscataway, NJ) centrifugation as previously described (15 29 .3±7.4%. Sera or MAb mediating 10% or more ADCC activity are highly significant for anti-HSV ADCC activity (9).
Mouse protection model. As previously reported (5, 6) the murine protection model was performed using l-wk-old C57BI/6 mice (Timco, Houston, TX), injected i.p. with 5 X 106 human MC suspended in MEM plus the desired concentration of serum or MAb in a final volume of 0.1 ml. The following day the animals were inoculated with 104 PFU of HSV-l (HE strain, > 100 LD50 for l-wk-old C57BI/6 mouse) in a volume of 0.1 ml unless otherwise specified. The animals were observed for survival for 21 d. All animal experimentation was carried out in accordance with the National Institutes of Health animal care guidelines, and review and approval of the appropriate institutional animal care committee.
All animal experiments were performed in a blinded fashion in that the technician injecting the mice with various antibodies had no knowledge of which antibody or control he was using. The code was broken only after the animal survival rate was apparent.
Statistical analysis. Comparison of the significance of differences of antibody titers was performed by Student's two-tailed t test. Comparison of survival of animals was tested by the x2 analysis.
Results
Activity of rabbit antisera to HSV-J glycoprotein D synthetic peptides. In Table I , the neutralizing, ADCC, and in vivo protective activities of the anti-HSV-1 gD peptide antisera are summarized. All antisera tested displayed some neutralization activity against HSV-1 HE strain. All those antisera with neutralization activity of 1/200 or greater also neutralized HSV-1 (Table I) . Since the ADCC titers were relatively low compared to sera against whole virus (6), a relatively low dilution of antisera (10-2) was chosen to be used in the in vivo protection model. The antisera alone were completely ineffective in preventing lethal neonatal HSV infection (no survivors using any of the antisera, Table I ). In sharp contrast, when the antisera was injected in combination with 5 X 106 human MC before viral challenge, there was obvious protective activity of five antisera (57-86% survival). All animals receiving media or MC alone died (data not shown). As can be seen from Table I , all antisera able to mediate protection were in the group that mediated ADCC in vitro. All antisera which were not protective in vivo in combination with MC could not mediate ADCC. The cumulative survival mediated by the ADCC-positive antisera in combination with MC (33/49, 67%) was highly significantly different (P < 0.001, Chi-square test) than that mediated by the ADCC-negative antisera (0/56, 0%).
To determine ifthere were protective effects of neutralizing activity in the absence of added MC that could not be discerned at high virus challenge doses (104 PFU) but might be more obvious at lower doses (102, 103 PFU) a series of experiments were performed using these lower viral challenge doses (Table II) receiving the 102 or 103 PFU challenge, the data are combined.
There was a highly significant difference between survival mediated by antisera with neutralizing titers of 1/200 or greater (96%), compared to those with lower titers (67%, P < 0.001, Chi-square test). Two ofthe four high neutralizing antisera had no ADCC activity (anti-12-21, anti-314-323). The mortality in mice receiving no antibody with the low challenge dose was 100% (0/20 survivors).
Thus it appears that in the neonatal murine model involving a high dose of virus, the participation of exogenous leukocyte effector cells, and the ADCC antisera activity is critical. In a low-dose challenge model in which exogenous leukocytes are (12, 17) . These were screened using one dilution ofMAb (10-2) and those reactive in vitro in ADCC were used in the neonatal model of high viral challenge dose (Table IV) . The MAb that mediated ADCC in vitro provided significant protection in vivo, as seen with the anti-gB MAb and anti-gD synthetic peptide antisera (Table IV) . No protection was provided by MAb alone in these assays. A MAb to gB which failed to mediate ADCC (3S, kindly provided by Dr. Zwieg, NCI, 0% ADCC) also failed to provide protection.
The four MAbs that mediated ADCC and were protective were all of the IgG2a subclass, as was the 3S MAb. They were all neutralizing as previously reported (12, 17) .
Discussion
The role of antibody regarding protection against neonatal HSV infection remains controversial. In animal studies, high (12), and 19S, 4S, and 3S were generously provided by Dr. Martin Zweig, National Cancer Institute (17) . t Neutralizing activity was as previously reported (12, 17) . § ADCC activity was tested at a 10-2 dilution in vitro.
concentrations ofantibody have been shown to protect against viral challenge when low doses ofvirus were used (18) (19) (20) (21) (22) (23) . Our data with low dose viral challenge (Table II) confirms that antibody alone can be protective in high concentration, and protection was generally associated with neutralization activity. This association, though highly statistically significant was not perfect in that several antisera with relatively low neutralization activity in vitro (e.g., anti-303-312, anti-121-130) were highly protective in vivo. It is possible that other functional activity as antibody complement neutralization or cytolysis, or viral opsonophagocytotic capacity may also be of importance.
In the human neonate the role oftransplacental neutralization antibody has been particularly controversial (24) (25) (26) (27) (28) (29) (30) . Our neonatal murine model of adoptive transfer involves an ADCC effector deficient host (31) as is the human neonate (32) . In this model of uniformly lethal HSV infection due to large viral doses, protection could not be mediated by antibody alone, but required exogenous leukocytes as well implicating ADCC as a critical mechanism of protection (6). Cells with poor ADCC effector function in vitro, as those from patients with the leukocyte adhesion defect (LFA-1, Mac-I defect), or from human neonates, also failed to mediate protection in this model (5, 33) . We have now conclusively demonstrated that in this model, ADCC-active antibody (either MAb to gB, gC, gD, or antisera to synthetic peptides of gD) is highly associated with protection (Tables I, III , and IV). It is of interest that the single ADCC-active nonprotective MAb (H1126-5, Table III) was to a discontinuous gB epitope.
In this high challenge dose model neutralization function was not associated with protection. These data supporting the role of ADCC as well as neutralizing antibody are in agreement with our recently published sero-epidemiologic study in human infants with neonatal HSV infection (34) . Both ADCC and neutralization titers in the mothers or neonates were associated with the severity of infection in the neonate. High ADCC titers (neonatal titers over lo-3) were associated with the absence ofdisseminated disease. In these clinical situations the viral challenge dose is unknown.
In addition to implicating the functional mechanisms of protection induced by exogenous antibodies, the current studies help resolve the controversy surrounding the protective effects of anti-HSV MAbs. It has been shown that MAb reactive with infected cells but not virus could promote recovery from HSV infection (35). With some exceptions (36) neutralizing activity of MAbs has been shown to be unrelated to their in vivo protection in animal models (35, (37) (38) (39) (40) . When tested, protection correlated with ADCC function (35, 37, 38) . In the study of Rector et al. (41) one of the four MAbs that was protective in vivo failed to neutralize virus or mediate ADCC when using murine peritoneal effector cells. We have confirmed the lack of ADCC activity of this MAb in our in vitro ADCC assay using either murine or human effector cells. This MAb was not protective in our neonatal mouse system in combination with human MC (data not shown). Its protective activity in adult mice remains to be understood.
The results using MAb to gB, gC, and gD and antisera to specified peptides of gD (Table I) confirm the role of these three major HSV glycoproteins as important ADCC and in vivo targets of the immune system regarding antibody-mediated protection. These extend the results of previous studies using poly-specific antibodies (42, 43) and small batteries of MAb (35, 37) .
The data involving polyclonal sera to 10 different synthetic peptides of gD (Table I) allow for preliminary comments regarding ADCC epitopes. In the rabbit each of these peptides was immunogenic with appropriate carrier protein coupling (14) . The peptide encompassing residues 2 to 21 was found to be comprised of at least two epitopes. One of these lies within the sequence 12 to 21, which by itself elicits antibodies capable of neutralizing virions in the absence of complement (14) . Peptide 2 to 21 retains the ability to generate complement-independent neutralizing antibody and in addition elicits the production of rabbit antibodies which neutralize virus very efficiently in the presence of complement (14) . The results of this study demonstrate that the antisera to 2-21 neutralize in vitro, have ADCC activity and provide in vivo protection in the presence of antibody and human mononuclear cells. In contrast, the synthetic peptide 12-21 antiserum demonstrated neutralization activity in vitro but failed to elicit in vitro or in vivo ADCC antiviral activity (Table I) . Thus, the epitope responsible for ADCC activity appears to require, like the T cell stimulatory activity and complementdependent neutralizing activity, the NH2-terminal region [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Interestingly, complement-dependent neutralization activity and ADCC activity are not always elicited by the same epitope. For example, antiserum to peptide 267-276 showed ADCC activity (Table I) , the strongest complement-independent neutralization activity and no complement dependent activity ( 14) .
The sequence 52-61 was predicted to be a nonepitopic site for surface expression and antiserum to this synthetic peptide did not bind to HSV-1 virions (KOS strain) (14) . However, this study showed that this same antiserum had neutralization activity with the HSV-1 HE strain (Table I) , solid ADCC activity in vitro, and mediated in vivo protection. Clearly, most studies to date have concluded that the majority of potentially neutralizing, immunogenic regions on an antigen are exposed on the surface of the molecule (49, 50) . However, there are several examples in the literature which implicate a buried region of an antigen can be immunogenic. For example, two linear sites in the VPI coat protein of poliovirus induced a significant (1:150-1:200) neutralizing response in rats and rabbits, even though these regions have been shown by x-ray crystallographic studies to be deeply buried in the interior of the virion (51, 52) . Analogous results and conclusions were also found with the hemagglutinin protein of the influenza virus (53) , and with the protein myohemerythrin (54) . The ability of these buried peptides to induce an antiviral response must arise from their exposure during'the immune response and underlines the importance of understanding the dynamics of the antigen/antibody binding mechanism at the molecular level. An alternate explanation for the activity of antibodies to peptide sequence 52-61 of gD is that the prediction of it as a buried region may be erroneous.
Thus while various predictive algorithms will help in the identification of important viral epitopes, the final selection of vaccine candidates must rely on empiric testing in appropriate models. If provision of a vaccine to a high risk mother, or antisera to a high risk neonate is to be effective in preventing neonatal HSV infection, antigens which elicit functional ADCC as well as neutralizing activity must be used.
